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Zinc  selenide  (ZnSe;  mineral  name:  stilleite)  and  its  nanostructured  composite  (ZnSe/C)  are  prepared  by 
simple  solid-state  synthetic  routes,  and  their  potential  as  electrode  materials  for  rechargeable  Li-ion 
batteries  is  investigated.  The  reaction  mechanism  between  ZnSe  and  Li  is  demonstrated  using  ex  situ 
X-ray  diffraction  and  extended  X-ray  absorption  fine  structure  analyses.  The  X-ray  diffraction  patterns 
and  high-resolution  transmission  electron  microscopy  observations  confirm  that  ZnSe  nanocrystallites  in 
ZnSe/C  are  uniformly  distributed  within  an  amorphous  carbon  matrix.  The  nanostructured  ZnSe/C 
composite  electrode  exhibit  excellent  electrochemical  performances  such  as  a  high  capacity  and  long 
cycling  behavior  of  ca.  705  mAh  g-1  over  300  cycles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  commercialization  of  Li-ion  batteries  by  Sony  Ener- 
gytech  in  1991,  Li-ion  batteries  have  been  considered  as  a  prom¬ 
ising  choice  among  the  representative  rechargeable  solid-state 
battery  systems  such  as  nickel— cadmium,  nickel— metal  hydride, 
and  Li-ion.  To  meet  the  requirement  for  longer-lasting  electronic 
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mobile  devices  and  hybrid  electric  vehicles  (HEVs),  intensive 
research  efforts  have  been  focused  on  the  development  of  Li-ion 
batteries  with  higher  capacity  and  faster  rate  capability.  However, 
commercial  Li-ion  batteries,  generally  composed  of  a  graphite 
anode  and  a  LiCo02  cathode,  show  limited  electrochemical  per¬ 
formance  such  as  low  capacity  and  slow  rate  capability.  Therefore, 
higher-capacity  alternatives  have  been  actively  researched,  partic¬ 
ularly  for  anode  materials  [1—5]. 

Numerous  Li  alloy-based  materials  such  as  Sn,  Si,  P,  Sb,  Mg,  Ag, 
Zn,  and  A1  have  been  proposed  as  possible  anodes  for  Li-ion  bat¬ 
teries  owing  to  their  ability  to  reversibly  react  with  a  large  amount 
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of  Li  ions  per  formula  unit  [6-20].  Although  the  Li  alloy-based 
systems  have  a  higher  energy  density,  they  generally  suffer  from 
poor  cycling  behavior  because  of  the  large  volume  change  that 
occur  during  the  charge/discharge  process.  Among  the  many  Li 
alloying  materials  available,  Zn-based  materials  have  been  exten¬ 
sively  studied  as  anode  materials  in  rechargeable  Li-ion  batteries 
because  Zn  has  a  high  theoretical  capacity  of  ca.  410  mAh  g-1  and 
can  form  various  Zn-M  binary  compounds,  where  M  represents 
ZnSb,  ZnP2,  ZnS,  and  so  on  [19,21—25].  Additionally,  Zn  is  an 
abundant,  cost-effective,  and  environmentally  friendly  element. 
However,  although  Zn-based  anodes  have  exhibited  enhanced  ca¬ 
pacity  retention,  their  electrochemical  performance  is  still  poor. 

Recently,  selenium  has  been  used  as  an  electrode  material  for 
rechargeable  Li  batteries  [26-31].  Although  Se  shows  a  high 
theoretical  capacity  (L^Se:  ca.  679  mAh  g-1)  when  used  as  the 
electrode  material  for  Li  secondary  batteries,  it  exhibits  a  low  rate 
capability  and  poor  cycling  behavior  because  of  its  low  electrical 
conductivity  and  large  volume  expansion  during  cycling.  To  over¬ 
come  these  disadvantages,  the  use  of  a  Se/carbon  nanocomposites 
prepared  by  various  synthetic  methods  have  been  suggested  [29— 
31].  Recently,  carbon  nanotube-containing  Se/C  and  SeS2 /C  com¬ 
posites  [29],  and  Se/mesoporous  carbon  composites  [30,31]  were 
reported  as  alternative  solutions  for  enhancement  of  Se  electrode. 
In  these  nanocomposites,  carbon  compensates  for  the  poor  elec¬ 
trical  conductivity  of  Se  and  accommodates  its  volume  expansion 
during  Li  insertion/extraction. 

ZnSe  has  been  commonly  used  in  the  semiconductor  industry, 
specifically  in  the  field  of  optoelectronic  devices  such  as  II— VI  light- 
emitting  diodes  and  blue-green  diode  lasers,  because  it  is  an 
intrinsic  semiconductor  with  a  band  gap  of  approximately  2.7  eV  at 
298  K.  Much  effort  has  been  focused  on  the  synthesis  of  ZnSe 
nanocrystals  or  thin  solid  films  by  various  synthetic  methods  such 
as  solvothermal  and  hydrothermal  decomposition,  metalorganic 
chemical  vapor  deposition,  and  chemical  bath  deposition  methods 
[32-34]. 

In  this  study,  in  order  to  overcome  the  problems  faced  when  Zn 
or  Se  is  used  independently  as  an  electrode  material,  a  ZnSe  com¬ 
pound  and  its  nanostructured  composite  were  prepared  and  tested 
for  their  suitability  as  electrode  materials  for  Li-ion  batteries. 
Further,  the  reaction  mechanism  of  ZnSe  with  Li  was  extensively 
investigated  on  the  basis  of  the  ex  situ  X-ray  diffraction  (XRD)  and 
extended  X-ray  absorption  fine  structure  (EXAFS)  results  along 
with  a  differential  capacity  plot  (DCP). 

2.  Experimental 

ZnSe  was  synthesized  by  the  following  solid-state  synthetic 
route.  Stoichiometric  amounts  of  Zn  (Kojundo,  99.9%,  average  size 
ca.  150  pm)  and  Se  (Aldrich,  99.5%,  average  size  ca.  100  pm)  pow¬ 
ders  were  mixed  using  high  energy  mechanical  milling  (HEMM, 
Spex-8000)  for  1  h  and  placed  into  a  quartz  tube  and  heated  to 
900  °C  for  5  h  under  Ar  atmosphere  at  a  heating  rate  of  3  °C  min-1. 
After  heating,  the  furnace  was  cooled  automatically  to  room  tem¬ 
perature.  The  ZnSe/C  nanocomposite  was  prepared  as  follows. 
ZnSe,  carbon  (Super  P),  and  stainless  steel  balls  (with  diameters  of 
3/8  and  3/16  in.)  were  placed  into  a  hardened  steel  vial  with  a  ca¬ 
pacity  of  80  cm3  and  a  ball-to-powder  ratio  of  20:1.  The  HEMM 
process  was  carried  out  in  an  Ar  atmosphere  for  6  h.  Preliminary 
electrochemical  tests  revealed  that  in  terms  of  the  electrochemical 
performance  such  as  initial  capacity,  initial  coulombic  efficiency, 
and  cycle  performance,  the  optimum  amounts  of  ZnSe  and  C  were 
60  and  40  wt.%,  respectively. 

The  ZnSe  sample  and  its  nanostructured  composite  were  char¬ 
acterized  using  XRD  (DMAX2500-PC,  Rigaku),  high-resolution 
transmission  electron  microscopy  (HRTEM,  FEI  F20,  operating  at 


200  kV),  and  energy-dispersive  spectroscopy  (EDS)  attached  to  the 
HRTEM.  Ex  situ  XRD  and  EXAFS  analyses  were  used  to  observe  the 
structural  changes  occurring  in  the  active  material  of  the  ZnSe 
electrode  during  cycling.  The  Zn  K-edge  EXAFS  spectra  for  the  ZnSe 
electrode  were  recorded  at  the  8C  (Nano  XAFS)  beamline  in  a 
storage  ring  of  3.0  GeV  at  the  Pohang  Light  Source  (PLS),  Korea. 

For  the  electrochemical  evaluation  of  the  Zn,  Se,  and  ZnSe  and 
the  ZnSe/C  composite,  test  electrodes  consisting  of  the  active 
powder  material  (70  wt.%),  carbon  black  (Denka,  15  wt.%)  as  a 
conducting  agent,  and  polyvinylidene  fluoride  (PVdF,  15  wt.%)  dis¬ 
solved  in  N-methyl-2-pyrrolidone  (NMP)  as  a  binder  were  fabri¬ 
cated.  Samples  of  each  mixture  were  vacuum-dried  at  120  °C  for  3  h 
and  pressed  (electrode;  thickness:  ca.  0.045  mm,  area:  0.79  cm2, 
weight  of  active  material:  ca.  2.5  mg).  Coin-type  electrochemical 
cells  were  assembled  in  an  Ar  filled  glove  box  using  Celgard  2400  as 
the  separator,  Li  foil  as  the  counter  and  reference  electrodes,  and 
1  M  LiPF6  in  ethylene  carbonate/diethyl  carbonate  (EC/DEC,  1:1  by 
volume,  Panax  STARLYTE)  as  the  electrolyte.  All  the  cells  were 
tested  galvanostatically  between  0.0  and  3.0  V  (vs.  Li/Li+)  at  a 
current  density  of  100  mA  g-1  using  a  Maccor  automated  tester.  Li 
was  inserted  into  the  electrode  during  discharging  and  was 
extracted  from  the  working  electrode  during  charging. 

3.  Results  and  discussion 

Fig.  1  a  shows  the  XRD  patterns  for  the  ZnSe  sample  obtained  by 
a  simple  solid-state  synthesis  method.  All  the  peaks  corresponded 
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Fig.  1.  Characterization  of  synthesized  ZnSe:  (a)  XRD  pattern  and  (b)  crystalline 
structure  (blue:  Zn  atoms,  orange:  Se  atoms)  (For  interpretation  of  the  references  to 
colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.). 
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to  the  ZnSe  phase  (JCPDS  #37-1463)  and  no  other  crystalline  phases 
were  detected.  Fig.  lb  shows  the  crystalline  structure  of  ZnSe  (S.G 
F4-3m,  a  =  5.668  A),  which  has  a  zinc  blende  structure.  The  ZnSe 
compound  has  an  interesting  crystalline  structure  containing 
hexagonal-type  channels  along  the  <01 -1>  direction  that  facili¬ 
tated  Li  diffusion  and  accommodation. 

The  voltage  profiles  of  the  Zn,  Se,  and  ZnSe  electrodes  are  shown 
in  Fig.  2a— c,  respectively.  The  first  discharge  and  charge  capacities 
of  the  Zn  electrode  were  413  and  206  mAh  g_1,  respectively,  with  a 
poor  coulombic  efficiency  of  49.9%  for  the  first  cycle.  The  poor 


reversibility  of  the  Zn  electrode  was  caused  by  the  large  volume 
change  because  of  the  formation  of  LiZn,  which  was  associated  with 
the  pulverization  of  the  active  material  and  its  subsequent  elec¬ 
trical  isolation  from  the  current  collector.  The  voltage  profile  of  the 
Se  electrode  showed  small  discharge  and  charge  capacities  of  109 
and  61  mAh  g_1,  respectively.  Considering  the  theoretical  capacity 
(Li2Se:  679  mAh  g_1)  of  the  Se  electrode,  the  small  discharge/ 
charge  capacities  were  attributed  to  the  poor  electrical  conductivity 
of  Se.  The  ZnSe  electrode  showed  high  reversibility  with  the  first 
discharge  and  charge  capacities  of  627  and  485  mAh  g-1,  respec¬ 
tively,  with  a  high  coulombic  efficiency  of  77.4%.  Considering  the 
theoretical  capacity  of  ZnSe  (ca.  557  mAh  g-1)  and  a  solid  elec¬ 
trolyte  interphase  (SEI)  layer  formation  reaction  (ca.  60  mAh  g-1) 
near  0.7  V  [35],  it  can  be  concluded  that  the  synthesized  ZnSe 
electrode  was  fully  reacted  with  Li.  Although  the  ZnSe  electrode 
exhibited  better  electrochemical  performance  than  the  Zn  and  Se 
electrodes,  the  capacity  retention  after  the  10th  cycle  was  ca.  40.8% 
of  the  first  charge  capacity.  The  poor  capacity  retention  of  the  ZnSe 
electrode  may  be  caused  by  the  large  volume  change  in  the  for¬ 
mation  of  Li2Se  and  LiZn  phases  during  the  discharge  step,  followed 
by  pulverization  of  the  active  material  and  its  subsequent  electrical 
isolation  from  the  current  collector. 

In  Fig.  3a,  the  DCP  of  the  first  and  second  cycles  of  the  ZnSe 
electrode  shows  several  peaks  during  its  discharge  and  charge.  Its 
ex  situ  XRD  analyses  were  performed  at  selected  potentials,  as 
indicated  in  the  DCP,  and  the  results  are  presented  in  Fig.  3b.  When 
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Fig.  3.  Electrochemical  reaction  mechanism  between  ZnSe  and  Li:  (a)  DCP  of  the  first 
and  second  cycles;  (b)  ex  situ  XRD  results  of  the  first  cycle  for  ZnSe  [lowercase  Roman 
letters  correspond  to  the  potentials  indicated  in  (a)]. 
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the  potential  was  lowered  from  the  open-circuit  potential  (Fig.  3b- 
i)  to  0.7  V,  an  extremely  small  peak  was  observed,  which  was 
caused  by  the  SEI  layer  formation  [35].  When  the  potential  was 
additionally  lowered  to  the  0.55  V,  the  Li2Se  phase  appeared,  as 
shown  in  Fig.  3b-ii.  In  the  voltage  range  between  0.55  and  0  V, 
various  small  peaks  appeared  in  the  DCP.  The  reaction  potentials  of 
these  peaks  are  in  good  agreement  with  those  of  various  LixZn  alloy 
phases  such  as  LiZn4,  Li2Zns,  LiZn2,  and  Li2Zn3.  When  the  electrode 
was  in  its  fully  discharged  state  of  0.0  V  (Fig.  3b-iiii),  the  XRD 
pattern  showed  the  presence  of  LiZn  and  Li2Se  phases,  indicating  a 
full  conversion  reaction  of  ZnSe.  During  the  charge  step,  the  LiZn 
phase  disappeared  when  the  potential  was  increased  to  1.2  V  and 
the  Zn  phase  appeared  (Fig.  3b-iv).  In  the  further  charged  state  of 
2  V  (Fig.  3b-v),  the  Li2Se  and  Zn  phase  was  transformed  to  ZnSe.  In 
the  fully  charged  state  of  3  V  (Fig.  3b-vi),  no  structural  changes  were 
observed,  whereas  a  broad  peak  near  2.5  V  appeared  in  the  DCP 
(Fig.  3a). 

To  confirm  the  reaction  mechanism  of  the  ZnSe  electrode  more 
accurately,  Zn  K-edge  EXAFS  analyses  of  the  ZnSe  electrode  were 
performed  and  the  results  are  shown  in  Fig.  4.  The  main  EXAFS 
peaks  in  the  spectrum  for  the  crystalline  ZnSe  were  associated  with 
the  Zn-Znedge  (2.1  A)  and  Zn-ZnCOmer  (3.6  A)  bond  lengths  [36,37]. 
When  the  potential  was  fully  discharged  to  0  V,  the  main  peaks  in 
the  spectrum  for  ZnSe  transformed  to  2.35  A  (representing  the  Zn- 
Zn  interatomic  distance  in  LiZn).  In  the  charged  state  of  2.0  V,  the 
main  EXAFS  peaks  retransformed  to  the  Zn— Znedge  (2.1  A)  and  Zn— 
ZnComer  (3.6  A)  bond  lengths  of  the  ZnSe  phase.  This  result  dem¬ 
onstrates  that  the  ZnSe  phase  was  recombined  during  the  charge 
step,  results  that  are  consistent  with  the  ex  situ  XRD  results.  This 
recombination  reaction  phenomenon  is  quite  interesting  and 
similar  to  those  observed  with  Cu6Sn5,  ZnP2,  SnSb,  Sb2S3,  and 
nanosized  transition  metal  oxides  [9,23,38—41].  Proof  of  this 
recombination  reaction  phenomenon  is  also  supported  by  the 
appearance  of  the  same  DCP  peaks  of  the  1st  and  2nd  cycles  shown 
in  Fig.  3a.  In  the  further  charged  state  of  3.0  V,  the  EXAFS  peaks 
showed  no  structural  variation.  The  results  demonstrate  that  the 
broad  peak  near  2.5  V  in  the  DCP  may  be  related  to  a  subreaction 
between  the  electrolyte  and  surface  of  the  electrode.  On  the  basis  of 
the  above  ex  situ  XRD  and  EXAFS  results,  the  reactions  taking  place 
during  the  first  discharge  and  charge  cycle  can  be  expressed  as 
follows: 

During  discharge: 

ZnSe  ->  Li2Se  +  Zn  -►  Li2Se  +  LixZn  Li2Se  +  LiZn 


During  charge: 

Li2Se  +  LiZn  ->  Li2Se  +  LixZn  ->  Li2Se  +  Zn  -►  ZnSe 

Although  a  similar  reaction  mechanism  was  suggested  by  Xue 
et  al.  using  a  thin-film  ZnSe  electrode  [42],  our  results  definitely 
demonstrate  the  phase  transitions  that  take  place  at  the  ZnSe 
electrode  during  Li  insertion/extraction.  Additionally,  the  thin-film 
ZnSe  electrode  showed  very  poor  electrochemical  performances 
caused  by  large  volume  expansion  during  repeated  Li  insertion / 
extraction. 

Similar  to  the  Li  alloy-based  anode  in  Li-ion  battery  systems  or 
the  S  cathode  in  Li/S  battery  systems  [43-46],  the  nanocomposites 
modified  with  carbon  produced  by  HEMM  were  suitable  for  fabri¬ 
cating  high-performance  electrode  materials  because  this  method 
yielded  well-distributed,  nanosized  metal  or  alloy  crystallites 
within  the  carbon  matrix.  HEMM  plastically  deforms  the  particles, 
which  leads  to  work  hardening  and  fracture  of  the  material  upon 
impact  at  temperatures  >200  °C  and  pressures  on  the  order  of 
6  GPa  [47  .  Upon  consideration  of  the  HEMM  mechanism,  a  ZnSe/C 
composite  sample  was  prepared  using  HEMM.  In  Fig.  5,  all  the  XRD 
peaks  of  the  ZnSe/C  composite  corresponded  to  ZnSe  peaks,  with 
no  other  phases  detected.  The  average  ZnSe  nanocrystallite  size  in 
the  ZnSe/C  nanocomposite  estimated  using  Scherrer’s  equation  was 
approximately  8.9  nm. 

As  shown  in  Fig.  6,  the  bright- field  TEM  (Fig.  6a)  and  HRTEM 
(Fig.  6b)  images  combined  with  selected-area  electron  diffraction 
(SAED)  patterns  indicate  the  presence  of  5-10  nm  ZnSe  nano¬ 
crystallites  in  the  amorphous  carbon  matrix,  results  that  agree  well 
with  the  XRD  results.  The  EDS  mapping  image  (Fig.  6c)  also  in¬ 
dicates  that  the  ZnSe  nanocrystallites  and  carbon  were  well 
dispersed  within  the  composite. 

Fig.  7  shows  the  voltage  profiles  of  the  ZnSe/C  nanocomposite 
electrode.  The  initial  discharge  and  charge  capacities  of  the  ZnSe/C 
nanocomposite  electrode  within  the  voltage  range  0-3.0  V  were 
855  and  654  mAh  g-1,  respectively,  with  a  relatively  high  initial 
coulombic  efficiency  of  76%.  The  initial  electrochemical  irrevers¬ 
ibility  of  milled  amorphous  carbon  (ca.  200  mAh  g_1)  in  the  ZnSe/C 
nanocomposite  indicates  the  full  electrochemical  reversibility  of 
the  ZnSe  in  the  ZnSe/C  nanocomposite  electrode  [48].  The  high 
reversibility  is  attributed  to  the  preparation  of  the  ZnSe  nano¬ 
crystallites  within  the  amorphous  carbon  matrix,  which  enhances 
the  electrochemical  kinetics  and  electrical  conductivity  of  the 
composite  material.  Additionally,  the  good  electrochemical 
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Fig.  4.  EXAFS  spectra  of  ZnSe  electrode  during  the  first  cycle. 


Fig.  5.  XRD  pattern  of  ZnSe/C  nanocomposite. 
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Fig.  6.  TEM  images  of  ZnSe/C  nanocomposite:  (a)  bright-held  TEM,  (b)  HRTEM  image  with  corresponding  diffraction  pattern,  and  (c)  EDS  mapping  images. 


performance  can  be  attributed  to  the  conversion/recombination 
reactions  of  the  ZnSe  during  Li  insertion/extraction.  This  is  because 
the  nanocrystalline  binary  intermetallic  compounds  gradually 
decreased  to  2-3  nm  nanocrystallites  after  a  few  cycles,  and  they 
retained  the  same  size  throughout  the  subsequent  discharge/ 
charge  cycles  by  repeatedly  dissociating  into  Li-X  and  Li— Y  phases 
and  then  recombining  to  form  the  binary  intermetallic  phase  of  XY 
within  the  composite  [49]. 

The  cycle  performances  were  compared  for  the  ZnSe  (voltage 
range:  0-3.0  V)  and  ZnSe/C  nanocomposite  (voltage  range:  0-2.0  V 
and  0-3.0  V)  electrodes  at  a  current  rate  of  100  mA  g-1  (Fig.  8).  The 
cycle  performance  of  the  ZnSe  electrode  was  quite  poor  because  of 
the  large  volume  change  that  occurred  during  the  formation  of  the 
Li2Se  and  LiZn  phases.  The  ZnSe/C  nanocomposite  electrodes 
showed  high  electrochemical  reversibility  and  long  cycle  behaviors 
compared  with  those  of  the  ZnSe  electrode  when  it  was  cycled 
within  the  voltage  ranges  between  0  and  3.0  V  (or  2.0  V).  The  ZnSe/ 
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Fig.  7.  Voltage  profile  of  ZnSe/C  nanocomposite  electrode  within  voltage  range  0— 
3.0  V. 


C  nanocomposite  electrode  within  the  voltage  range  0-3.0  V 
showed  a  very  stable  capacity  of  ca.  705  mAh  g  1  over  300  cycles. 
Additionally,  in  the  case  of  the  voltage  range  between  0  and  2.0  V, 
the  ZnSe/C  nanocomposite  electrode  also  showed  a  very  stable 
capacity  retention  of  ca.  437  mAh  g-1  over  300  cycles.  These 
excellent  cycle  performances  were  attributed  to  the  uniformly 
distributed  active  5-10  nm  ZnSe  nanocrystallites,  the  buffering 
matrix  of  amorphous  carbon,  and  the  conversion/recombination 
reactions  of  ZnSe  during  discharge/charge. 

4.  Conclusions 

The  electrochemical  conversion/recombination  reactions  of 
ZnSe  during  discharge/charge  were  demonstrated  by  conducting  ex 
situ  XRD  and  EXAFS  analyses  on  the  basis  of  the  DCP  results  for  the 
ZnSe  electrode.  A  ZnSe/C  nanocomposite  composed  of  5-10  nm 
ZnSe  nanocrystallites  distributed  uniformly  within  a  carbon  matrix 


Cycle  Number 

Fig.  8.  Comparison  of  cycle  performances  of  pristine  ZnSe  (voltage  range:  0-3.0  V), 
ZnSe/C  nanocomposite  (voltage  range:  0-2.0  V),  and  ZnSe  nanocomposite  (voltage 
range:  0-3.0  V)  electrodes. 
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was  prepared  and  tested  to  examine  its  suitability  as  an  electrode 
material  for  Li  secondary  batteries.  The  ZnSe/C  nanocomposite 
electrode  exhibited  excellent  electrochemical  performances  such  as 
a  high  capacity  and  long  cycling  behavior  of  ca.  705  mAh  g_1  over 
300  cycles  (voltage  range:  0-3.0  V). 
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